The idea that primordial black holes (PBHs) can comprise most of the dark matter of the universe has recently reacquired a lot of momentum. Observational constraints, however, rule out this possibility for most of the PBH masses, with a notable exception around 10 −12 M . These light PBHs may be originated when a sizeable comoving curvature perturbation generated during inflation re-enters the horizon during the radiation phase. During such a stage, it is unavoidable that gravitational waves (GWs) are generated. Since their source is quadratic in the curvature perturbations, these GWs are generated fully non-Gaussian. Their frequency today is about the mHz, which is exactly the range where the LISA mission has the maximum of its sensitivity. This is certainly an impressive coincidence. We show that this scenario of PBHs as dark matter can be tested by LISA by measuring the GW two-point correlator. On the other hand, we show that propagation effects of the GWs across the perturbed universe from the production point to the LISA detector suppresses the bispectrum to an unobservable level. This suppression is completely general and not specific to our model.
I. INTRODUCTION
The possible presence and composition of dark matter (DM) in our universe constitutes one of the open questions in physics [1] . The first direct observation of GWs generated by the merging of two ∼ 30M black holes [2] has increased the attention to the possibility that all (or a significant fraction of) the dark matter is composed by PBHs (see Refs. [3] [4] [5] [6] and [7, 8] for recent reviews). Inflation and a mechanism to enhance the comoving curvature perturbation ζ [9] [10] [11] at scales smaller with respect to the CMB ones are the only ingredients needed by the simplest models describing the PBH formation without the request of any physics beyond the Standard Model. In fact, the perturbations themselves of the Standard Model Higgs may be responsible for the growing of the comoving curvature perturbations during inflation [12] .
Perturbations generated during inflation are transferred to radiation through the reheating process after inflation. After they re-enter the horizon, a region collapses to a PBH if the density contrast (during the radiation era)
is larger than the critical value ∆ c which depends on the shape of the power spectrum [13] . The temperature at which the collapse takes place is
106.75 g *
1/4
M M
1/2
GeV, (
where we have normalized g * to the effective number of the Standard Model degrees of freedom. We define the power spectrum of the comoving curvature perturbation as ζ( k 1 )ζ( k 2 ) = 2π
where we used the prime to indicate the rescaled two point function without the (2π) 3 and the Dirac delta for the momentum conservation.
It is useful to define the variance of the density contrast as
where we inserted a Gaussian window function W (k, R H ) to smooth out the density contrast on scales given by the comoving horizon R H ∼ 1/aH and the density contrast power spectrum
(1.5)
The mass fraction β M indicating the portion of energy density of the universe collapsed into PBHs at the time of formation is 6) under the assumption of a Gaussian probability distribution. For the non-Gaussian extension see [14] . The present abundance of DM in the form of PBHs per logarithmic mass interval d ln M is given by
106.75
where γ < 1 is a parameters introduced to take into account the efficiency of the collapse and, for the masses of interest, the number of relativistic degrees of freedom g * can be taken to be the SM value 106.75. A peculiar feature of such models is that, after being generated during the last stages of inflation, the sizeable curvature perturbations unavoidably behave as a (second-order) source [15] [16] [17] [18] of primordial GWs at horizon re-entry [19] . One can relate the peak frequency of such GWs, close to the characteristic frequency of the corresponding curvature perturbations which collapse to form PBHs, to its mass M by using entropy conservation Choosing as frequency the one at which the Laser Interferometer Space Antenna (LISA) project [20] has its maximum sensitivity, i.e. f LISA 3.4 mHz, Eq. (1.8) gives a mass M 10 −12 M (taking γ 0.2). Therefore, as also suggested in Ref. [21] , LISA measurements can provide useful information on PBH dark matter of such small masses.
As shown in Fig. 1 , the fact that the current observational constraints on the PBH abundances of such masses are missing [22] , permitting f PBH 1, is a serendipity. This is possible due to the fact that the Subaru HSC microlensing [24] constraint needs to be cut around the value 10 −11 M under which the geometric optics approximation is not valid for radiation in the optical wavelength [22, 25] . Another constraint analysed in the literature comes from the presence of neutron stars in globular clusters [26] , but we do not include it because it is based on controversial assumptions about the dark matter density in these systems. We collect in Appendix A a more detailed discussion of the issues related to these observational constraints.
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It is certainly an exciting coincidence that the frequency range at which the LISA observatory has its maximum sensitivity corresponds to a region of the mass spectrum where the totality of dark matter composed of PBHs is allowed.
In this paper we demonstrate that, if dark matter is composed by PBHs of masses around 10 −12 M , then LISA will be able to measure the power spectrum of the GWs necessarily generated by the production mechanism of PBHs. However, even though the GWs are non-Gaussian in nature, being sourced at second-order, their non-Gaussianity may not be measured by an experiment like LISA. The reason lies on the fact that the signal is a superposition of waves coming from all possible directions. This creates different time delays along different directions, thus making Overview on the present experimental constraints on the abundance of PBH for a monocromatic spectrum (from Ref. [23] and references therein): in orange, constraints from the CMB; in green, dynamical constraints from White Dwarves and Ultra-Faint Dwarf galaxies; in blue, micro-and milli-lensing observations from Eros, Kepler, Subaru HSC; in yellow, the observations of extra-galactic γ-ray background. Superimposed can be found the PBH abundances as a function of mass obtained for both power spectra in Eqs. (2.14) and (2.16), where we have defined k = 2πfLISA. The total abundance is obtained by integrating over the masses and the parameters have been chosen to get a PBH abundance equal to the one of dark matter, respectively As = 0.033, A ζ = 0.044 and σ ζ = 0.5.
the initially correlated phases of the GWs fully uncorrelated. As we will show, this wipes out the bispectrum. It can also be seen as the central theorem in action once the ensemble averaging over the various directions is performed. Unfortunately, this effect seems to be general and not peculiar of our set-up and invalidates some results about the measurement of the tensor bispectrum through interferometers which appeared recently in the literature. The reader should also be aware of the fact that the PBH abundance is exponentially sensitive to the amplitude of the variance. This means that a small decrease of σ 2 ∆ (and therefore the amplitude of the power spectrum of the comoving curvature perturbation) may reduce significantly the abundance. This, to some extent, plays in our favour as it implies that, even if f PBH 1, the corresponding GWs might be anyway tested by LISA. The paper is organised as follows. In section II we describe the calculation leading to the GW power spectrum for two different shapes of the comoving curvature perturbations; section III is devoted to the calculation of the GW bispectrum. Section IV contains the details of the effects of the propagation. Section V contains our conclusions. The paper contains as well four Appendices where some technicalities are provided, including an analysis of the LISA response functions for the bispectrum.
A short version of this paper presenting some of the main results can be found in Ref. [32] .
II. THE POWER SPECTRUM OF GRAVITATIONAL WAVES
The equation of motion for the GWs is found by expanding the tensor components of the Einstein's equations up to second-order in perturbations
where we defined to denote the derivative with respect to conformal time η, dη = dt/a, H = a /a as the conformal Hubble parameter as a function of the scale factor a(η) and the source term S m which, in a radiation dominated (RD) universe, takes the form [15] 
2 We do not consider the free-streaming effect of neutrinos on the GW amplitude [33] .
We note that the mechanism of generation of GWs takes place when the relevant modes re-enter the Hubble horizon; in the case of interest, this happens deep into the radiation-dominated epoch. It is also evident that the source is intrinsically second-order in the scalar perturbation Ψ. For this reason the GWs generated are expected to feature an intrinsic non-Gaussian nature. Additionally, since the source contains two spatial derivatives, the resulting bispectrum in momentum space is expected to peak in the equilateral configuration. The tensor T ij m contracted with the source term in Eq. (2.1) acts as a projector selecting the transverse and traceless components. Its definition in Fourier space takes the formT
where e λ ij ( k) are the polarisation tensors written in the chiral basis (L, R). The scalar perturbation Ψ(η, k) appearing in Eq. (2.2) depends directly on the gauge invariant comoving curvature perturbation through the relation [34] 4) where the transfer function T (η, k) in the radiation-dominated era is
By defining the dimensionless variables x = p/k and y = | k − p|/k, the solution of the equation of motion (2.1) can be recast in the following form 
The complete analytical expressions of I c (x, y) and I s (x, y) can be found in Appendix D of Ref. [35] (see also Ref. [36] ). We define the power spectrum of GWs using the same primed notation of Eq. (1.3) as
After having computed the two-point function, in the radiation-dominated era we find P h (η, k) to be
where S is the region in the (x, y) plane allowed by the triangular inequality and shown in Fig. 2 of [35] . The power spectrum of GWs is directly connected to their energy density [35] : 10) where the overline denotes an average over conformal time η. So far we have assumed a radiation dominated universe with constant effective degrees of freedom g * for the thermal radiation energy density (giving the analytic radiation-dominated solutions for η, H, etc.). In the Standard Model this will be approximately valid until some time η f before the top quarks start to annihilate and g * decreases. The gravitational wave density scales ∝ 1/a 4 because they are decoupled, but the radiation density ρ r (η f ) is related to the value today using conservation of entropy, giving 11) where g * S is the effective degrees of freedom for entropy density and we assume g * S ≈ g * ≈ 106.75 from the Standard Model at time η f . Assuming ρ c (η f ) ≈ ρ r (η f ) we can then express the present density of GWs as 12) and Ω r,0 is the present radiation energy density fraction if the neutrinos were massless. The time average of the oscillating terms in Eq. (2.9), together with the simplification of the time factor coming from H 2 (η f ) = 1/η 2 f (valid before η f ), give the current abundance of GWs
In the last step we also have redefined the integration variables as d = (x − y)/ √ 3 and s = (x + y)/ √ 3.
A. The case of a Dirac delta power spectrum
In this subsection we make the idealized assumption that the scalar power spectrum has support in a single point
which can (obviously) be understood as the Gaussian case, discussed in the following subsection, in the limit of very small width. This idealisation has the advantage that it allows to obtain exact analytic results for the amount of GWs produced at second-order by the scalar perturbations. In this subsection we compute the GW abundance, postponing the computation of the bispectrum to the next section. Inserting Eq. (2.14) in the expression (2.13), the two Dirac delta functions allow to perform the two integrals, and one obtains (see also Refs. [37, 38] )
This result is shown as a red line in Fig. 2 .
B. The case of a Gaussian power spectrum
In this section we generalise the computation of the GWs energy density to the case of a Gaussian-like comoving curvature power spectrum. We take the perturbation, enhanced with respect to the power spectrum on large CMB scales, to be
This case differs from the former due to the wider shape of the power spectrum. From the relation (1.8) we can infer that PBHs of mass ∼ 10 −12 M can amount for the totality of the dark matter if β M ∼ 6 · 10 −15 (considering γ ∼ 0.2), where we assumed k R H 1 and the threshold to be ∆ c 0.45. Its rigorous value is determined also by the shape of the power spectrum [13] but, since the most relevant parameter A ζ is not altered copiously, its impact on GWs is rather small. The corresponding abundance of PBHs is shown by the blue line in Fig. 1 , together with the current experimental bounds. We choose A ζ ∼ 0.044 and σ ζ = 0.5. We stress again that a PBH of mass ∼ 10 −12 M is associated to a scale k ∼ k LISA = 2πf LISA 2 · 10 12 Mpc −1 . The present abundance of GWs is given in Fig. 2 where we see that it falls well within the sensitivity curves of LISA. The different spectral shape with respect to the Dirac delta case is due to the tails of the Gaussian power spectrum of Eq. (2.16). At high frequencies, there is no upper bound at 2k as in the Dirac delta case, because the scalar power spectrum is non vanishing for k > k . At lower frequencies, the spectral tilt for the Dirac-delta case is exactly +2 from Eq. (2.14), whereas for the Gaussian case one can show that the tilt is about 3 by arguments similar to the ones exposed in Ref. [35] . It is clear that if PBHs of such masses form the totality (or a fraction of) dark matter, LISA will be able to measure the GWs sourced during the PBH formation time. [39] (the proposed design (4y, 2.5 Gm of length, 6 links) is expected to yield a sensitivity in between the ones dubbed C1 and C2 in Ref. [40] ) with the GW abundance generated at second-orderby the formation mechanism of PBHs for both power spectra in Eqs. (2.14) and (2.16), where we used the following values for the parameters: As = 0.033, A ζ = 0.044 and σ ζ = 0.5.
III. THE PRIMORDIAL BISPECTRUM OF GWS
We already stressed the fact that, being intrinsically at second order, the GWs are non-Gaussian; hence their primordial three-point correlator is not vanishing. One can compute it following the procedure highlighted in Ref. [35] . Computing the three-point function using Eq. (2.6) gives
where
A. The case of a Dirac delta power spectrum Inserting Eq. (2.14) into Eq. (3.1), we obtain
As studied in Ref. [20] , the bispectrum depends on the orientation of the three vectors k i , as well as their magnitude. For definiteness, we fix
3)
We then use spherical coordinates for the integration vector p 1 = p 1 (cos θ, sin θ cos φ, sin θ sin φ), with cos θ ≡ ξ. We obtain (exploiting also the orthogonality of the polarization operator e λ )
A careful study of the Dirac delta functions shows that the integral has support at the two points
is the area of the triangle of sides k i . The support is present provided that
With this in mind, the above integration gives (after some algebra)
where we defined r i ≡ k i /k , and introduced the combinations
as well as the contractions
k 2 e * ef,λ3
where we sum over the two points (3.6). The sum is performed as outlined in Appendix B. We find that the contractions (and, therefore, the full bispectrum) are invariant under parity, namely under the L ↔ R interchange. The resulting expressions are rather lengthy in the general r 1 = r 2 = r 3 case. In Appendix B we provide the explicit expression for the isosceles case r 1 = r 2 . In the equilateral case r 1 = r 2 = r 3 the equal time bispectrum reads
, otherwise. where we have averaged over the oscillations of the amplitude (as done for the power spectrum in [12] ), which amounts in the replacement
In Fig. 3 we show the equilateral (left panel) and isosceles primordial bispectrum generated by the Dirac scalar power spectrum. We see that the bispectrum is peaked in the equilateral configurations, at k = 2k / √ 3 (where the function I formally has a logarithmic divergence). This is clear also by looking at the plot of the shape, as defined in Eq. (3.14), shown in Fig. 5 (left) .
B. The case of a Gaussian power spectrum
It is now interesting to analyse the bispectrum corresponding to the Gaussian-like curvature perturbation power spectrum in Eq. (2.16). First, we can compute it in the equilateral configuration, where we set k 1 = k 2 = k 3 ; the result is shown in the left panel of Fig. 4 . A few comments can be made at this point. First, we see that the wider shape of the power spectrum compared to the Dirac delta one results in a lower peak in the equilateral configuration, making the two peaks with opposite sign in the LLL configuration comparable. Moreover, the width increase causes the bispectrum to be peaked at lower values of the momenta compared to k . One has to keep in mind that, for sake of generality, in this case we assumed a power spectrum centred at a different momentum, namely ∼ 3k /2. As we shall see this change of the pivot scale, even though it does not introduce radical changes for what concern the PBH and the GWs abundances, can decrease the significance of the detection at LISA. Finally, we note that the polarization configurations LLR=RRL (and their permutations) are suppressed with respect to the LLL=RRR ones.
In the right panel of Fig. 4 one can see the behaviour of the rescaled three-point function of GWs in the isosceles configuration (k 1 = k 2 ). Two important differences with respect to the Dirac case are its more regular profile and the absence of a cut-off present in the former case due to the Heaviside θ-function.
C. The shape of the primordial bispectrum
We may define the shape for the bispectrum as
14)
The shape, as defined in Eq. (3.14), is shown in Fig. 5 (right) . Our findings show that the primordial bispectrum of GWs has its maximum at the equilateral configuration, k 1 k 2 k 3 . This comes about because the source of the GWs is composed by gradients of the curvature perturbations when the latter re-enters the horizon. The measurement of this shape would by itself provide a consistency relation between the bispectrum and the power spectrum of GWs, which might help disentangling the signal from other possible sources.
IV. THE EFFECT OF PROPAGATION ON THE MEASUREMENT OF THE BISPECTRUM
The fact that the primordial bispectrum of GWs is sizeable does not automatically imply that it can be measured by LISA. Indeed, in this section we are going to show that the propagation of the GWs from the source points towards the detector across the perturbed universe largely suppresses the bispectrum signal. This point has not been noticed in the recent literature about the possibility of measuring the tensor bispectrum at interferometers. The physical reason is the following. A non vanishing non-Gaussianity requires the correlation among the phases of the GWs at the detection point. This is the reason why non-Gaussianity is a synonym of phase correlations in the same way Gaussianity is characterised by random phases. In the case studied in this paper, the phases of the GWs are correlated at the moment of production thanks to the coherence generated during the inflationary stage. However, this coherence is destroyed due to the fact that the GWs measured by LISA travel from different directions. Because of the Shapiro time-delay, caused by the presence of large-scale gravitational potentials along the line of sight, different directions experience different delays, thus destroying the phase correlation. We will show that this effect is not present in the power spectrum, but appears unfortunately in the bispectrum under the form of a large suppression factor. This is a consequence of the central limit theorem: the time delay does not suppress the non-Gaussianity of the signal arriving from a single line of sight. However, averaging over many directions makes the signal Gaussian.
We divide this section in three parts: in the first one we compute the solution for the GW propagation in the geometrical optic limit, in the second one we show that the power spectrum is unaffected, and in the third part we compute the effect on the bispectrum.
A. The propagation equation and its solution in the geometrical optic limit
Our starting point is the metric in the Newtonian longitudinal gauge (neglecting the shear such that Φ = Ψ) and in cosmic time The spatial components of the Einstein tensor up to second-order in the metric perturbations written above are
In the following we study the propagation of the GWs in the matter-dominated phase neglecting the tiny generation of the GWs caused by the O Φ 2 during the propagation. From now on, we will work in the geometrical optic limit which amounts to assume that the frequency of the GW is much larger than the typical momentum associated to the gravitational potential Φ. To recover the suppression due to the time-delay, it is therefore enough to consider the leading term in an expansion in gradients of Φ. The corresponding equation reads, going back to conformal time,
where the transverse-free and traceless part will be taken off by the projector operators later on. In momentum space, we write the mode function as
which makes the mode function real in coordinate space. We make the ansatz
If we disregard the spatial derivatives acting on F A and separate the equations at zero-th order in F A and the rest, we obtain
The first equation is solved by
with C A an integration constant. We are interested in the sub-horizon limit of these solutions, where only the first term in the sums is kept. We then have A ij = −2 η A ij . The second equation then becomes
To leading order, we find F A = 2kΦ, such that
To match with the solution (2.6) we write h A ij , and its conjugate appearing in (4.4) as a sum of cosine and sine. Matching the wave function and its derivative in the sub-horizon limit gives
where now
Here x 0 is the location of the detector (that from now on we set to zero for simplicity) andk identifies the direction of motion of the GW. In order to stress that the gravitational potential Φ has a typical momentum much smaller than k, we have used the relation Φ = 3ζ L /5. We take ζ L Gaussian with the corresponding power spectrum P L ζ scale-invariant. We have also used the matter-dominated relation, so that ζ L is time-independent on linear scales. However, it has a time dependence due to the motion of the GW (that sees a time-varying profile). The solution can be then written as 12) where ζ in the first line is in momentum space, while ζ L in the second line is in real space. One can easily verify that the corresponding Fourier transform is real.
B. No effect on the power spectrum
In order to see the effect of the propagation onto the power spectrum, it is convenient to define the quantitŷ
Using the results of section II, we find
where we have exploited the fact that the short mode ζ, responsible for the GW production during the radiationdominated era, and the long mode ζ L are not correlated, and therefore the average splits into the product of two different averages, the one on short-modes being already done. The contraction of the polarization operators enforces e * ab,λ1 k e ab,λ2 k = δ λ1,λ2 . Therefore, we get
.
(4.15)
In the product, the terms proportional to I 2 and I * 2 are fast oscillating and average out, while in those proportional to |I| 2 all phases drop out, and therefore there are no propagation effects in the power spectrum. This leaves us with
C. The effect of the propagation onto the GW bispectrum
We proceed as in section III, but starting from the solution (4.12). From now on we consider the equilateral configuration
The resulting bispectrum is of the form
where we have defined
We also set all times equal, since small relative variations of the three times (hours vs. the age of the universe) will not affect our result. By defining
we can express our result as 20) where, having all the same argument, we set I valid for a general Gaussian operator, and write
where we defined
We Fourier transform
and compute the correlator
or, changing the order of times in the exponent (so to have a positive time difference in the bracket)
Next, we use the expansion in spherical harmonics e i k· r = 4π
Being the last line equal to δ δ mm /4π, we obtain
Notice that the integral diverges logarithmically due to the = 0 term, that is due to the constant zero mode of the gravitational potential. Being it unphysical, we follow the procedure of Ref. [41] and remove the monopole from the sum. For the other multiples, we use the approximation (which, strictly speaking, requires 1) [42] ∞ 0 dp p
where for us
With this in mind, we can write
which gives
In the time integration we now put η 0 also as extremum of integration and disregard the equality time. Furthermore, in the spherical harmonics we can always orientk 1 along the z−axis, so that the sum involves only the m = 0 terms. We then note that cosk 2 becomesk 1 ·k 2 ≡ µ. With this convention, then 35) where in the last step we used P (1) = 1. All this gives
The equilateral bispectrum involves the following momentum configurations
Inserting them into Eq. (4.20), then we obtain
The first and last term are the least suppressed ones, giving
Therefore we have
We further define and compute the rms of the (relative) time delay d, see [41] , as 41) where in the last step we have used the first of Eqs. (4.37) . With this, the above ratio finally rewrites as
The conclusion of this calculation shows that the primordial bispectrum is not preserved after the propagation of the GWs and is largely suppressed being kη 0 d rms ∼ 10 9 , if we take k ∼ 10 −3 Hz. It is interesting to notice that in the squeezed limit k 1 ∼ k 2 k 3 , the bispectrum should reduce to the average of the short-mode power spectrum in a background modulated by the long mode k 3 . Indeed, repeating the steps we have performed above for the squeezed limit, it is easy to see that the bispectrum reduces to
where we have kept the term which is least suppressed by the propagation. This indeed is proportional to the power spectrum of the short mode times a suppression from the long mode due to the fact that the average over the long mode has to be performed over many directions. Unfortunately, the suppression is still sizeable. We conclude that propagation effects are present for arbitrary shapes.
V. CONCLUSIONS
In this paper we have investigated the capability of the LISA project to detect the non-Gaussian GWs generated during the physical process giving rise to PBHs. The latter are formed through the collapse of the initial large scalar perturbations generated during inflation at the moment when they re-enter the horizon in the radiation-dominated phase. The very same scalar perturbations act as a second-order source for the GWs, which therefore are born non-Gaussian. If the corresponding PBH masses are in the range around ∼ 10 −12 M , not only these PBHs may form the totality of the dark matter, but also the present frequency of the corresponding GWs happens to be in the ballpark of the mHz, precisely where LISA has its maximum sensitivity.We have shown that LISA will detect such signal, but only through the two-point correlator. For the first time we have proven that the propagation effects of the GWs in the perturbed universe make the three-point correlator not measurable in its simplest form. We have done so by solving the equation for the GWs in the geometrical optic limit, making explicit the suppression factor arising when averaging over the directions of propagation. We should stress however that the power spectrum in this regime is unaffected and we will devote further investigations to analyse the implications of the propagation effects going beyond the geometrical optic limit.
Finally, the absence of a GW signal will tell us that PBHs of masses around ∼ 10 −12 M are not the dark matter we observe in the universe. As already mentioned in the introduction, however, a detection of a GW signal will be still compatible with our universe populated by such PBH's in smaller abundances. Of course, our considerations hold within the set-up considered in this paper, leaving open the possibility that the PBHs originate from mechanisms.
Note added
While completing this work, Ref. [43] appeared which also noted that PBHs as dark matter with masses around 10 −12 M are associated to GWs which can be detected by LISA. However, there the investigation is limited to the GWs power spectrum (with non-Gaussianity in the scalar perturbations), and the study of the bispectrum and its detectability is not present.
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where the momenta k i are given in Eq.(3.3), while the momenta q I,II are given in Eq.(3.6). We construct the polarization operators as it is standard, following the notation of [47] . We define the two unit vectors orthogonal to the GW momentum through an external fixed unit vectorê z , that we choose to be the unit vector along the third axiŝ
(clearly, any other fixed vector can equivalently be chosen.) Starting from this choice, we then introduce the left handed and right handed polarization operators
These operators are symmetric, transverse, traceless, and normalized according to e * ab,λ e ab,λ = 1. They are also related to the operators e + , e · as e ab,R/L = e ab,+ ± i e ab,· √ 2 . (B.4) where the subscript k denotes the moment at which the comoving momentum k re-enters the horizon. The crossing happens when k = aH such that during the radiation era we have η k = 1/k = 1/2πf . Appendix G of [20] gives
that can be used to derive the present bispectrum
Although in this discussion, for brevity, the equal time bispectrum had been considered, this relation applies also to the unequal time bispectrum considered in the main text.
Appendix D: LISA response functions for the bispectrum
Even though we have shown that propagation effects make the primordial bispectrum of GWs highly suppressed, it is nevertheless interesting to analyse the LISA response functions for the three-point correlator. Implicit expressions for the response functions are given in Ref. [47] ; here we improved over those results by providing explicit simple approximations of the response functions close to their maxima. The LISA constellation consists of three satellites placed at the vertices of an equilateral triangle of side L = 2.5 · 10 6 km (the actual distance slightly varies during the orbit; this effect is disregarded in our computations). Laser light is sent from each satellite to the other two, so that each vertex acts as a time delay interferometer. The three measurements are not noise-orthogonal, as any two interferometers share one arm. The noise covariance matrix can however be diagonalized to provide noise-orthogonal combinations. We consider the three linear combinations A,E,T introduced in Ref. [48] . If we think at LISA as three interferometers, one centered at each satellite, and we denote by σ X,Y,Z the time delay measured by each satellite, the A,E,T channel are the linear combinations
These combinations are also signal-orthogonal; moreover, in the case of equal arms the combination T is insensitive to the signal, and it is often denoted as the null channel. We denote as Σ O the signal (measurement minus noise) in the O channel (where O is either A or E). The expectation value for the three-point function of the signal can formally be written as [47] 
In this expression, λ i and f i denote, respectively, the polarization and frequency (more precisely, the frequency vector, related to the wave vector by f = k/2π) of the GWs involved in the correlator; B λi ( f i ) is the GW bispectrum, and R the three-point response function. As the measurement is a time delay, Σ O has the dimension of an inverse mass. The bispectrum has mass dimension −6. With these conventions, the response function is therefore dimensionless. Due to the planar nature of the instrument [49] , the response function is invariant under parity, namely R RRR = R LLL , R RRL = R LLR (and so on). Moreover, due to the highly symmetric configuration, only the EEE and AAE (and permutations) correlations of the channels are nonvanishing, and they are one the opposite of the other R EEE = −R AAE [47] . All the relevant formulae for the computation of R can be found in Section 3 of [47] , so we do not copy them here. In Figure 6 we show the two response functions R EEE LLL (red line) and R EEE LLR (green line) in the equilateral case f 1 = f 2 = f 3 . We note that the instrument is significantly more sensitive to equal-helicity bispectrum LLL (and, equivalently, RRR). Moreover, we see that in the outmost left range shown in Figure 6 It is also useful to approximate the response function at its greatest peak. As shown in the right panel of Figure 6 , the peak is well fitted by (f1, f2, f3) in the isosceles configuration. Right: Contour plot of R EEE RRR (f1, f2, f3) for EEE and for RRR. We verified that the response function for AAE (and EAA) is the opposite to the one shown here. The black solid line corresponds to the f3 = 2f1 folded case (notice that the axes are in log units), and the upper-left corner does not exist (it violates the triangular inequality). The bottom part of the region corresponds to squeezed configurations. The dashed lines correspond to the 3d fit for the response function on isosceles triangles (D.6). In Ref. [47] only the equilateral f 1 = f 2 = f 3 and squeezed isosceles f 1 = f 2 f 3 configurations were computed. Here, we compute and study the generic isosceles configuration f 1 = f 2 = f 3 .
As we see in Fig. 7 the response function is peaked in the equilateral configuration, at f 1 = f 2 = f 3 = f r . A significant result is also found in the squeezed limit f 3 f 1 = f 2 f r . The fitting formula (D.4) can be used to provide a fit of the generic shape next to the peak
is the ratio between the area of a triangle of sides f 1 , f 2 , f 3 , divided by the area of an equilateral triangle of sides (f 1 f 2 f 3 ) 1/3 . This factor evaluates to one at the peak, and it suppresses the bispectrum at its boundaries, so that the fitting formula (D.4) can be integrated over all possible shapes. In the right panel of the Fig. 7 the fitting function  (D.4) is compared against the exact bispectrum for isosceles shapes.
